The effect of environmental variables like light intensity (µEm -2 s -1 ), temperature (°C) and CO2 concentration (ppm) was studied on chlorophyll and lipid content in selected microalgal strains. The strains used were the members of green algae (Chlorella sp., Chlamydomonas sp., Kirchneriella sp., Scenedesmus sp.) and blue green algae (Nostoc sp.1, Nostoc sp.2, Anabaena sp. and Cylindrospermum sp.). These were grown in culture room and in special growth chambers under National Phytotron Facility of the Institute. The temperature of 37°C was optimum for most of the microalgal strains while 850ppm CO2 concentration was observed to be good in terms of total lipids. Light intensity of 65µEm -2 s -1 and 72µEm -2 s -1 was favourable for enhanced lipid production.
Introduction
Increase in crude oil price has resulted in serious negative impact on the global and national economy. Therefore, biofuels have been reported to offer an attractive alternative to fossil fuels. Usage of biofuels can bring several benefits such as alleviation from foreign oil dependence, carbon neutral process and it can also bring profit to the local farmers. Biofuels can be produced from microalgae which are microorganisms prokaryotic or eukaryotic, capable of accumulating biomass by photosynthetic process. The complete cycle of microalgae development ranges from 24 hrs to several days (Chisti, 2007; Mata et al., 2010) and can double every few hours during their exponential growth period (Metting, 1996) . Lipid accumulation in microalgae has gained enormous attention due to high production efficiency and less demand of agricultural land (Chisti, 2007; Miao and Wu, 2006) . The large scale cultivation of these can be 10-20 times more productive on a per hectare basis than other biofuel crops. Microalgae can use a wide variety of water sources and have a strong potential to produce biofuels without the competition for food production (Chisti, 2008) . Under optimal growth conditions, large amounts of algal biomass are produced with relatively low lipid contents (5-20% of dry cell weight) including glycerol based membrane lipids. Lipids produced by microalgae can be grouped into storage lipids (non-polar lipids) and structural lipids (polar lipids). Storage lipids are mainly in the form of TAG which has predominantly saturated fatty acids and some unsaturated fatty acids as well. The unsaturated fatty acids can be transesterified to produce biodiesel (Gurr et al., 2002) . TAGs are mostly synthesized in the light, stored in cytosolic lipid bodies and then reutilized for polar lipid synthesis in the dark (Thompson, 1996) . Essentially biomass and TAG compete for photosynthetic assimilate and reprogramming of physiological pathways is required to stimulate lipid biosynthesis. Many microalgae alter their lipid biosynthetic pathways towards neutral lipids (20-50% dcw) mainly as TAGs under unfavourable environment or stress conditions (Sharma et al., 2012) . High capital cost due to low lipid productivity is a major bottleneck, hindering the commercial production of microalgal oil derived biodiesel; hence, the overall cost should significantly drop down (Vasudevan and Briggs, 2008) . Seasonal fluctuations, low and high temperature and species origin can cause variable growth rates of microalgae (Oliveira et al., 1999; Thompson et al., 1992; Banerjee et al., 2011) . Therefore, manipulating the environmental parameters can be an effective approach to optimize microalgal biomass production and lipid yield (Mata et al., 2010) . In view of this, present study was an attempt to analyze the influence of certain environmental variables on biomass and lipid productivity in selected microalgal strains.
Materials and Methods

Microalgal strains, their maintenance, experimental conditions and harvesting
The present study was conducted in selected microalgal strains obtained from the collection of Centre for Conservation and Utilisation of Blue Green Algae, IARI, New Delhi, India. Green algae namely Chlamydomonas from Rohtang Pass, Himachal Pradesh; Scenedesmus from Dal Lake of Jammu and Kashmir; Chlorella and Kirchneriella from Ansupa Lake, Odisha were maintained in Bold Basal medium (Bischoff and Bold, 1963) at pH 6.6. While blue green algae used were Nostoc 1 from Bareilly, UP; Anabaena from Karnal, Haryana; Nostoc 2 and Cylindrospermum from Kanchipuram, Tamil Nadu. These were maintained in BG-11 medium (Stanier et al., 1971 ) at pH 7.0. The microalgal strains were grown in a culture room having a temperature of 25±2°C, 16:8h light/ dark cycle, and a light intensity of 33µE m -2 s -1 PAR (used as control). The cultures grown in conical flasks were hand shaken 2-3 times daily to avoid adherence to the side of the flasks. To understand the effect of environmental variables, the experiment was conducted under conditions of growth chambers at National Phytotron Facility, IARI, New Delhi (Plate 1). The variables used were temperatures (18°C, 28°C, 37°C), light intensity (65µEm -2 s -1 , 78 µEm -2 s -1 , 91 µEm -2 s -1 ) and CO2 concentrations (550ppm, 650ppm, 850ppm) in separate chambers. Other cultural parameters remained same as used for control grown cultures. The dry weight, chlorophyll content and lipids were studied in harvested biomass from control as well as phytotron grown conditions at weekly intervals for one month. Plate 1. Growth chambers at National Phytotron Facility of Indian Agricultural Research Institute, New Delhi, India
Analytical methods
Dry weight measurements
Dry weight was determined gravimetrically using a known volume of microalgal culture by centrifugation at 5000g for 10min. The algal pellet was washed twice with distilled water and then harvested biomass was dried at 60°C in an oven until it reached constant weight. Growth was expressed in terms of specific growth rates using the equation: Specific Growth rate (µday -1 ) = ln (F1/F0)/(t1-t0) where F1 is the biomass at time of harvest (t1) and F0 is the biomass at time of zero (t0) (Guillard, 1973) . Generation time was also calculated in the microalgal strains used in the study.
Chlorophyll estimation
Homogenized suspension was drawn at different time of incubation for the estimation of chlorophyll (Mackinney, 1941; Lichtenthaler, 1987) . A known volume (10mL) of homogenized suspension was centrifuged at 3000 rpm for 10 min and the chlorophyll was extracted from pellet with similar volume of methanol 95% (V/V) in water bath 60 o C for 30 min. The suspension was centrifuged again and the absorbance of the supernatant was read at 650 nm and 665 nm against 95% methanol as blank. The concentration of chlorophyll (mg/mL) was calculated = 2.55 х 10 -2 E650 + 0.4 х 10 -2 E665, Where, E650= Absorbance at 650 nm and E665= Absorbance at 665 nm. The data was expressed as µgmg -1 on dry cell weight (dcw) basis.
Lipid extraction
Total lipids were extracted according to the method of Bligh and Dyer (1959) . This method extracts the lipids from the microalgal biomass by using a mixture of methanol, chloroform and water. A known volume (200mL) of the suspension was centrifuged at 3,500 rpm for 20 minutes The supernatant was removed and the pellet was dissolved in a mixture of methanol, chloroform and water (10:5:4 ratio). These solvents were miscible and formed a layer in the ratio used. After overnight extraction on a shaker, 5mL of water and chloroform were added resulting in a ratio of 10: 10: 9 of methanol, chloroform and water. Tubes were again centrifuged for 10 min at 3,500 rpm which formed two layers namely a water methanol upper layer and chloroform lower layer. The lipids extracted in lower chloroform layer were removed by Pasteur pipette and placed into a pre-weighed vial. After the first extraction, 10mL of additional chloroform was added for second extraction following the similar procedure. The lower chloroform layer was removed and placed into another pre-weighed vial. The chloroform was evaporated by heating in a water bath at 55°C temperature under a constant stream of nitrogen gas. Vials were kept in an oven at 105°C temperature for an hour and the vials were weighed again. The difference in the weight represented the weight of lipids extracted from the microalgal biomass and percent lipids were calculated on dry weight basis.
Statistical analysis
Three replications were used for each experiment and the results obtained were statistically analyzed (Gomez and Gomez, 1984) . Analysis of variance (ANOVA) was used as statistical tool.
Results and Discussion
Known microalgal biomass from their respective logarithmic phase of growth was used to inoculate the fresh medium under control as well as phytotron grown conditions (Vonshak, 1985) .There was a variation in terms of specific growth rate and generation time under these situations and no specific trend was exhibited. Specific growth rate varied from a highest of 0.604 (µday -1 ) in Cylindrospermum to the lowest of 0.217 (µday -1 ) in Nostoc 2 under control grown cultures. Nostoc 2 showed specific growth rate of 1.514 (µ day -1 ) at 18 o C and lowest of 0.0006(µday -1 ) at 37°C. When light intensity was varied, Cylindrospermum exhibited lowest specific growth rate of 0.047(µday -1 ) at 78 µE m -2 s -1 and Nostoc 1 showed highest specific growth rate of 0.667(µday -1 ) at 78µEm -2 s -1 . Anabaena showed lowest specific growth rate (0.0007µday -1 ) at CO2 concentration of 550 ppm and highest specific growth rate (1.132µday -1 ) at 850 ppm CO2 concentration (Data not shown). These parameters were analyzed to obtain the logarithmic phase of growth as done in earlier studies on dry weight measurement (Vonshak, 1985) .
Chlorophyll content (µgmg -1 dcw) and lipid productivity (%dcw) was analyzed on dry cell weight basis ( Fig. 1 and 2 ). Chlorophyll was higher in green algae as compared to blue green algae under both the conditions; however, lower oil strains have been reported to grow faster than high oil strains (Vasudevan and Briggs, 2008) . Microalgae containing 30% oil grow 30 times faster than those containing 80% oil (Becker, 1994) and the intrinsic ability to produce large quantities of lipids/oil is strain specific rather than genus specific and most common microalgae (Botryococcus, Chlamydomonas, Chlorella, Dunaliella, Neochloris etc) have oils between 20-75% by dry biomass. (Hu et al., 2006) . Control grown green algae showed better chlorophyll content as compared to varying CO2 levels. Enhanced CO2 depicted increase in chlorophyll content with 850ppm recorded to be optimum in most where as temperature of 28°C was found optimum.
Control grown Chlamydomonas exhibited maximum lipids (12%dcw) in comparison to other microalgal strains. Enhancement in temperature from 18°C till 37°C increased lipid productivity to 46.1%dcw on the 21 st day of incubation. However, Scenedesmus showed lipid concentration of 37.2% at similar temperature on the 14 th day. In Ochromonas danica as the incubation temperature rose from 15-30°C, the cell number per unit volume of medium was increased thus, increasing the total lipid content (Aaronson, 1973) . Increase in growth rate and total lipids with an increase in temperature was also obtained in Nanochloropsis salina (Boussiba, 1987) . In contrast, no significant change in the lipid content was observed in Chlorella sorokiniana grown at various temperatures (Patterson, 1970) . Lipid productivity in Chlorella and Kirchneriella was high at different temperatures (62.2%dcw at 37°C and 63.2%dcw at 28°C) on the 21 st day and the 14 th day of incubation. Nostoc 1 gave maximum lipid content (32.2%dcw) on the 28 th day while Anabaena yielded the highest lipids (53.4%dcw) on the 14 th day of incubation at 28°C temperature. On the other hand, Nostoc 2 and Cylindrospermum showed the highest lipid contents of 30.5%dcw and 32.8%dcw on the 14 th day and the 21 st day of incubation at 37°C temperature. In general, there was an increase in more fluid lipids in all the lipid classes when the cells were grown at a lower temperature (Fork et al., 1979 ). An increase in fatty acid unsaturation with decrease in temperature and increase in saturated fatty acid with increase in temperature has been observed in many microalgae (Lynch and Thompson, 1982; Renaud et al., 2002; Murata, et al., 1975; Sato and Murata, 1980) . (Brown et al., 1996; Khotimchenko and Yakovleva, 2005; Napolitano, 1994; Orcutt and Patterson, 1974) . High light decreased total phospholipid and increased the level of nonpolar lipid in the filamentous green algae Chladophora (Napolitano, 1994) . Tedesco and Duerr (1989) showed that high light slightly increased total lipids and percent composition of polyunsaturated fatty acids, such as γ linolenic acid in Spirulina platensis. Decreases in the levels of phospholipids and glycolipids, changes in fatty acid composition and unsaturation after high light exposure have been reported in microalgae (Norman and Thompson, 1985; Klyachko-Gurvich et al., 1999) . Increased formation of reactive oxygen species by stress factors (high light and temperature) can result in the quantitative decrease in lipids due to oxidative damage (Bhandari and Sharma, 2006) . High light intensities can cause oxidative damage of PUFA (Harwood, 1998) . Although formation of these is a normal part of the metabolism, excessive production can cause damage to DNA, proteins and lipids (Alscher et al., 1997) . Part of the damage to lipids can also be due to impairment of the enzymes involved in lipid synthesis (Nishida and Murata, 1996) .
Exposure of microalgal cultures to elevated levels of CO2 resulted in an enhancement of lipid productivity. Maximum lipids of 32.3%dcw in Chlamydomonas was recorded at 850ppm on the 28 th day of incubation, where as Scenedesmus showed lipid content of 53.0%dcw at 650ppm CO2 on the 14 th day. Chlorella exhibited 48.0%dcw lipids on 14 th day and 21 st day of incubation at 650ppm and 850ppm CO2 levels. Kirchneriella was not efficient in terms of lipid productivity and did not vary much as compared to control grown cultures. Out of blue green algal cultures used, Nostoc 1 showed the highest lipids (44.9%dcw) at 850ppm on the 21 st day, where as Anabaena exhibited 
Conclusions
The information available on enhancement in microalgal biomass and lipid productivity is limited and most of the studies have been carried out under laboratory where it is easy to maintain the desired temperature and light intensity. Environmental variables can be controlled in photobioreactors or in growth chambers as was done in present study and accordingly the properties of lipids obtained under such situations can vary. We can attempt to grow selected microalgal strains under different seasons to obtain maximum biomass and enhanced lipid yields under outdoor conditions. Further efforts can be made to use flue gas and other sources of light and temperature to enhance microalgal growth under outdoor conditions.
